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Ultramafic soils are typically enriched in nickel (Ni), chromium (Cr), and cobalt (Co)
and deficient in essential nutrients, making them unattractive for traditional agriculture.
Implementing agromining systems in ultramafic agricultural soils represent an ecological
option for the sustainable management and re-valorisation of these low-productivity
landscapes. These novel agroecosystems cultivate Ni-hyperaccumulating plants which
are able to bioaccumulate this metal in their aerial plant parts; harvested biomass can be
incinerated to produce Ni-enriched ash or “bio-ore” from which Ni metal, Ni ecocatalysts
or pure Ni salts can be recovered. Nickel hyperaccumulation has been documented in
∼450 species, and in temperate latitudes these mainly belong to the family Brassicaceae
and particularly to the genus Odontarrhena (syn. Alyssum pro parte). Agromining allows
for sustainable metal recovery without causing the environmental impacts associated
with conventional mining activities, and at the same time, can improve soil fertility and
quality and provide essential ecosystem services. Parallel reductions in Ni phytotoxicity
over time would also permit cultivation of conventional agricultural crops. Field studies
in Europe have been restricted to Mediterranean areas and these only evaluated the
Ni-hyperaccumulator Odontarrhena muralis s.l. Two recent EU projects (Agronickel
and LIFE-Agromine) have established a network of agromining field sites in ultramafic
regions with different edapho-climatic characteristics across Albania, Austria, Greece
and Spain. Soil and crop management practices are being developed so as to
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optimize the Ni agromining process; field studies are evaluating the potential benefits
of fertilization regimes, crop selection and cropping patterns, and bioaugmentation with
plant-associated microorganisms. Hydrometallurgical processes are being up-scaled to
produce nickel compounds and energy from hyperaccumulator biomass. Exploratory
techno-economic assessment of Ni metal recovery by pyrometallurgical conversion of
O. muralis s.l. shows promising results under the condition that heat released during
incineration can be valorized in the vicinity of the processing facility.
Keywords: Alyssum s.l., hydrometallurgy, Leptoplax emarginata, Odontarrhena, phytomining, serpentine soils
INTRODUCTION
Ultramafic Soils in Europe
Ultramafic (serpentine) soils are natural metalliferous soils
derived from the weathering of ultramafic rocks which comprise
at least 70% ferromagnesian (or mafic) minerals (particularly
within the olivine and pyroxene groups) and <45% silica (SiO2)
(Kruckeberg, 2002). Ultramafic outcrops are found worldwide
but with a patchy distribution, covering ∼1% of the terrestrial
surface (Echevarria, 2018). Major outcrops can be found in
temperate (e.g., Alps, Balkans, Turkey, California) and tropical
regions (e.g., New Caledonia, Cuba, Brazil, Malaysia, Indonesia).
Ultramafic soils typically present a series of geochemical
peculiarities, which include an elevated concentration of
magnesium (Mg) and iron (Fe), a low calcium (Ca):Mg ratio
and elevated concentrations of trace elements such as nickel
(Ni), chromium (Cr), and cobalt (Co). Total Ni concentrations
in soils globally range between 2 and 750mg kg−1 but can
reach 3,600mg kg−1 or more in soils developed over ultramafic
rocks (Sparks, 2002). They are also known for their deficiency
in macronutrients such as nitrogen (N), potassium (K), or
phosphorus (P) and micronutrients such as molybdenum (Mo)
or boron (B) (Nkrumah et al., 2016). Since many ultramafic
outcrops are steep and rocky their associated soils are often
skeletal, with limited organic matter and low water holding
capacity (Brooks, 1987). In temperate climates, the most
common soil types include high pH Regosols/Leptosols with
cambic properties and cation exchange complex dominated by
Mg over Ca, to Cambisols with neutral to slightly acidic pH
(Echevarria, 2018). This unusual geochemical composition is
commonly referred to as the “serpentine syndrome” and creates
an inhospitable environment for plant growth. As a result,
ultramafic soils often support plant communities with high
rates of endemism which have evolved both morphological and
physiological adaptations differentiating them from the flora
of neighboring areas (Brooks, 1987; Bergmeier et al., 2009).
For example, hyperaccumulator plants accumulate extreme
amounts of metals within their living tissues. There are
∼500 taxa of plants that are known to hyperaccumulate one
or more metal(loid)s, and around 90% of these accumulate
Ni (van der Ent et al., 2013a; Pollard et al., 2014). Ni-
hyperaccumulators accumulate >1,000mg Ni kg−1 DW matter
in their shoots when growing in such metal(loid)-enriched
substrates, concentrations that would be toxic to most other
plant species (Brooks, 1987). The distribution and taxonomy
of European Ni-hyperaccumulators is described in more detail
below.
The Concept of Agromining
The European economy is highly dependent on imports of
many raw materials including metals, metalloids, and minerals,
with applications in several high-tech industries (ICMM,
2012). Many of these are threatened by supply shortage, due to
political instability or rapidly declining ore reserves, and the
EU prioritizes research on the extraction, recovery, or recycling
of metals from unconventional mineral resources which are
not accessible using traditional mining techniques (http://
eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:
52011DC0021&from=EN). Agromining cultivates plants that
accumulate trace metal(loid)s from metal-rich soils or substrates
in their shoots, which at the end of the growth period can be
harvested and burnt to produce metal(loid)-enriched ash or
“bio-ore.” It is considered a commercially viable technique in the
case of high-value elements such as Ni, Co, or Au (Chaney et al.,
2018). The European Innovation Partnership (EIP) classified
Ni as a raw material with high economic importance and Ni
agromining was proven to be efficient in the 2000’s and became a
real market opportunity in 2007 (Chaney et al., 2007; Tang et al.,
2012; Bani et al., 2015a). Nickel has been successfully recovered
from bio-ores in pure form, as a mineral salt (ANSH, ammonium
nickel sulfate hexahydrate), or as eco-catalysts (Simonnot et al.,
2018). Nickel-hyperaccumulator plants are ideal candidates for
Ni agromining due to their unusual ability to bioconcentrate and
purify Ni from ultramafic soils. However, the only large-scale
European field trial carried out to date was done in Albania
using Odontarrhena muralis sensu lato (syn. Alyssum murale
s.l.) (Bani et al., 2007, 2015a,b). In addition to metal extraction,
agromining agrosystems can also be managed to provide
multiple ecosystem services, such as C sequestration, enhanced
soil biodiversity, renewable biomass production, improved
agricultural crop productivity (safe edible and non-edible crops)
and land restoration (Echevarria et al., 2015). Nickel agromining
could also stimulate the rural development of ultramafic regions.
The growing interest in this emerging technology is
reflected through the recent funding of two EU projects:
Agronickel (Developing Ni agromining on ultramafic land in
Europe; funded through the FACCE Surplus–Cofund) and
LIFE-Agromine (Cropping hyperaccumulator plants on nickel-
rich soils and wastes for the green synthesis of pure nickel
compounds; funded by the LIFE Environment and Resources
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Programme, http://life-agromine.com). These two projects aim
to implement agromining at large scale and follow on from
the “Agromine” project funded by the ANR (Agence Nationale
de la Recherche) in France. Agronickel is dedicated to the
selection of adequate nickel crops, optimisation of their biomass
productivity and Ni extraction capacity using resource-friendly
agriculture (so-called “agroecological” agriculture), and the
development of the metal recovery process and synthesis
of new Ni-products. The optimal plant cropping pattern
and the potential benefits of using plant associated-microbial
inoculants or phytohormones will be assessed. On the other
hand, through the LIFE-Agromine project the opportunity
arose to establish a European network of agromining field-
scale demonstrations across distinct geographical areas and
under different edapho-climatic conditions. The LIFE-Agromine
project aims to demonstrate at a pilot-scale the provision of
ecosystem services through agroecological agromining cropping
systems, the recovery of valuable Ni-products, as well as the
environmental and socio-economic viability of the agromining
cycle, including professional training of potential stakeholders.
Studies evaluating the environmental, technical, and economic
viability of agromining at all stages of the cycle are rare.
LIFE-Agromine will carry out a full-cycle assessment of the
potential benefits of cropping hyperaccumulator plants on these
metalliferous soils for the green synthesis of nickel compounds
and provision of ecosystem services.
A SYNTHETIC OVERVIEW OF
NI-HYPERACCUMULATORS IN EUROPE
Nickel-hyperaccumulators native to Europe are mostly
distributed in the southern parts of the continent, where
ultramafic outcrops occur at various altitudinal belts and
bioclimatic regions. Their diversity follows a west-to-east
gradient, with the Iberian Peninsula and Corsica hosting
only one or two native species, vs. ca. eight in CS Europe-C
Mediterranean and some 30 taxa in SE Europe. Due to the
massive distribution of ultramafic soils, the Balkan Peninsula is
an outstanding hot-spot of metallophytic flora and serpentine
endemism of both paleo- and neo-endemic type (Shallari et al.,
1997; Stefanovic´ et al., 2003). Albania and Greece are especially
rich in Ni-accumulators, most of them endemics, showing the
role of the large ultramafic bodies of the so-called “Dinaric-
Hellenid” belt (Bortolotti et al., 2013) as centers of speciation
and glacial refugia (Médail and Diadema, 2009). However, the
systematics of Ni-accumulators, especially from E Europe is still
not completely known, preventing an exact estimation of their
diversity to be safely presented.
Undoubtedly, their taxonomic and phylogenetic distribution
is highly uneven. All species known so far belong to the
Brassicaceae family (crucifers), with a few exceptions reported
from the Asteraceae genus Centaurea L. Uneven distribution
also occurs within the Crucifers, since all species belong
to only two of the ca. 23 tribes of the family, e.g., the
Coluteocarpeae and the Alysseae. The former group includes
the large genus Noccaea Moench, separated from Thlaspi L.
based on phylogenetic evidence (Koch and Al-Shehbaz, 2004; Al-
Shehbaz, 2014 and references therein). This includes 11 species
that can grow on ultramafic or metal-contaminated soils of
Europe and accumulate metals such as Ni and Zn (Table 1). Most
of these taxa, however, are of limited interest for agromining
applications because of their small biomass production or high
ecological specificity (alpine habitats). With four genera and
21 species recognized to date (Table 1), tribe Alysseae is the
largest group of Ni-hyperaccumulators in the continent and
includes the most promising candidates for Ni-phytoextraction.
These are all perennial herbs or small shrubs belonging to
three genera, Odontarrhena C.A.Mey., Alyssoides Mill., and
Bornmuellera Hausskn. Based on phylogenetic evidence (Cecchi
et al., 2010; Rešetnik et al., 2013) the latter is very close to genus
LeptoplaxO.E. Schulz with the only species L. emarginata, a strict
endemic to the serpentines of N Greece and Euboea. In spite of
distinctive characters in habit and fruit compared to typical taxa
of Bornmuellera (Hartvig, 2002), the occurrence of intergeneric
F1 hybrids with partially sympatric B. tymphaea and B. baldaccii
led Rešetnik et al. (2013) to include Leptoplax in Bornmuellera,
and this was recently accepted in the Alybase treatment (Španiel
et al., 2015). Three features convey to B. emarginata a remarkable
potential for Ni-phytoextraction, e.g., high accumulation ability
(Bani et al., 2010), biomass production (Chardot et al., 2005),
and adaptive capacity to different habitats and climates, from low
to high altitudes (ca. 300–2100m a.s.l). Drought tolerance is a
fourth feature that makes its use possible also in Mediterranean
xeric conditions. The four other taxa of Bornmuellera are also
powerful Ni-accumulators restricted to serpentine soils of N
Greece, Albania, and Kosovo (Bani et al., 2009), but their smaller
stature, biomass production and restriction to alpine habitats
(above 1,000m and up to 2,600m a.s.l.) represent limiting factors
to their use for field applications.
Odontarrhena has long been considered a section of the
genus Alyssum L., but there is morphological and molecular
evidence showing that it represents a distinct lineage without
direct relationship to Alyssum (Warwick et al., 2008; Cecchi
et al., 2010, 2013; Rešetnik et al., 2013). While Ni-accumulation
is unknown among the “true” Alyssums, nearly all species and
populations ofOdontarrhena that grow on ultramafic soil possess
this ability. This is the case for a high proportion of the nearly 90
taxa of this genus that range in S Europe, Mediterranean and W
Asia (Španiel et al., 2015).Odontarrhena is taxonomically difficult
because of the high phenotypic plasticity, the strong incidence of
polyploidy and the presence of hybridization processes within at
least given groups. Examples of critical species complexes are the
two facultative serpentinophytes O. serpyllifolia and O. muralis
in the W and E Mediterranean, respectively, in which several
names have been adopted to separate the serpentine populations.
Both are effective Ni-hyperaccumulators (Bani et al., 2010, 2013;
Tumi et al., 2012; Konstantinou and Tsiripidis, 2015;Morais et al.,
2015), and the complex of O. muralis s.l. is currently one of
the most promising candidates taxa for Ni-agromining because
of its biomass production and growth capacity in various field
conditions (Bani et al., 2015a,b). Nickel concentrations recorded
in field-collected and herbarium material over the last 30 years
in the Balkan Peninsula found this species to accumulate the
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TABLE 1 | Nickel-accumulator species in tribes Alysseae and Coluteocarpeae (Brassicaceae) native to Europe (including Cyprus); nomenclature of Noccaea and Alysseae
follows respectively Al-Shehbaz (2014) and Spaniel et al. (2015; see also Alybase; http://www.alysseae.sav.sk/checklists/search).
Taxon Distribution
TRIBE ALYSSEAE
Alyssoides utriculata (L.) Medik. France, Italy, former Yugloslavian countries, Albania, Bulgaria, Greece
Bornmuellera baldaccii (Degen) Heywood subsp. baldaccii Greece
B. baldaccii subsp. rechingeri Greuter Albania
B. dieckii Degen Kosovo
B. emarginata (Boiss.) Rešetnik (syn.: Leptoplax emarginata (Boiss.) O.E. Schulz) Greece
B. tymphaea (Hausskn.) Hausskn. Greece
Odontarrhena akamasica (B.L.Burtt) & al. Cyprus
O. argentea (All.) Ledeb. Italy
O. diffusa Jord. & Fourr. Greece
O. fallacina (Hausskn.) Španiel & al. Greece
O. bertolonii (Desv.) Jord. & Fourr. Italy
O. chalcidica (Janka) Španiel & al. Greece, Albania, FYROM, Kosovo
O. cyprica (Nyár.) Španiel & al. Cyprus
O. euboea (Halácsy) Španiel & al. Greece
O. heldreichii (Hausskn.) Španiel & al. Greece
O. lesbiaca P.Candargy Greece
O. muralis (Waldst. & Kit.) Endl. Bulgaria, Greece, Romania, Serbia
O. robertiana (Bernard ex Gren. & Godr.) Španiel & al. France (Corsica)
O. serpyllifolia (Desf.) Jord. & Fourr. Iberian Peninsula, France
O. smolikana (Nyár.) Španiel & al. Greece, Albania
O. troodi (Boiss.) Španiel & al. Cyprus
TRIBE COLUTEOCARPEAE
N. alpestris (Jacq.) Kerguélen Austria, France, Italy, Switzerland
N. boeotica F.K.Mey (Spruner) Greece
N. brachypetala (Jord.) F.K.Mey. Austria, Czech Rep. Finland, France, Italy, Slovakia, Spain, Sweden, Switzerland
N. bulbosa (Spruner) Al-Shehbaz Greece
N. caerulescens (J.Presl & C.Presl) F.K.Mey. C, W, N Europe
N. cepaeifolia (Wulfen) Rchb. France, Austria, Italy
N. epirota (Halácsy) F.K.Mey. Greece
N. goesingensis (Halácsy) F.K.Mey. Austria, Bosnia and Herzegovina, Bulgaria, Serbia
N. graeca (Jord.) F.K.Mey, Greece
N. rotundifolia (L.) Moench Austria, France, Germany, Italy, Slovenia, Switzerland
N. tymphaea (Hausskn.) F.K.Mey. Albania, Bosnia and Herzegovina, Greece, FYROM
Odontarrhena corsica (Duby) Španiel & al., also a Ni-hyperaccumulator naturalized in Corsica but native to Turkey.
highest Ni concentrations (Bani et al., 2010, 2013). Furthermore,
O. muralis s.l. is crucial for the structure of the serpentine
vegetation in the Balkans (Bergmeier et al., 2009). While the taxa
from Greece are better understood, some of those from Albania,
the former Yugoslav Republic of Macedonia (FYROM), and
Bulgaria are still poorly known, preventing a correct estimation
of the diversity of accumulators in the Balkans to be presented.
A recent systematic revision of the genus in Albania (Cecchi
et al., 2018) points to the existence of seven taxa, of which six
Ni-hyperaccumulators are restricted to ultramafic soils (except
for O. chalcidica, facultative serpentinophyte). A polyploid
species of likely hybrid origin between O. chalcidica and O.
smolikana, originally described from Mt. Smolikas (Greece) as
Alyssum decipiens Nyár. and widely distributed on the Albanian
ultramafics, could be a promising candidate for phytoextraction
because of the high Ni levels, the robust habit and the ability to
grow in a wide range of habitats, including anthropogenic ones,
from low to high altitudes.
SUITABLE AGROECOSYSTEMS FOR
NI-HYPERACCUMULATORS
Agromining aims to extract metals from the soil through the
implementation of hyperaccumulator cropping systems, to
improve soil quality and ecological functions, and to provide
complementary income to farmers and local populations.
However, climatic conditions, soil properties, and metal
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bioavailability can limit the production of plant biomass and
metal accumulation, and consequently the effectiveness of
agromining (van der Ent et al., 2015). Several studies have
focused on different agronomic aspects to optimize the metal
extraction process.
Adequate Fertilization Regimes
Due to nutrient deficiencies of ultramafic soils, mineral
fertilization has a positive effect on the biomass production
of Ni hyperaccumulators such as Odontarrhena (syn. Alyssum)
spp. (Bani et al., 2015a; Kidd et al., 2015; Álvarez-López et al.,
2016). The application of mineral fertilizers was also found to
improve Ni yields (Li et al., 2003a). NPK amendments, coupled
with herbicide applications and irrigation management, allowed
the production of at least 20 t ha−1 of dry biomass of O.
muralis s.l. and 400 kg Ni ha−1 (Chaney et al., 2007). Similarly,
after 5 years of field experiments, biomass and Ni yields of a
spontaneous cover of O. muralis s.l. in Albania were improved
from 0.3 to 9.0 t DW biomass ha−1 and from 1.7 to 105 kg
Ni ha−1 after the addition of 120 kg N and 100 kg P, K ha−1
(Bani et al., 2015a). Phosphorus has some effect on biomass
yield and Ni uptake by hyperaccumulators (Shallari et al., 2001;
Chaney et al., 2008), including the stimulation of flowering of the
plants. Additionally, the fractional application of N is advisable to
minimize excessive leaching of N to groundwater (Li et al., 2003a;
Bani et al., 2015a) and to compensate soil nutrient absorption by
the hyperaccumulator plants and maintain biomass production
over several years (Kidd et al., 2015; Nkrumah et al., 2016).
The addition of organic amendments can improve soil
quality and structure, reduce compaction and erosion, supply
essential nutrients, and indirectly stimulate biological activity.
Amendment with composted sewage sludges during the
cultivation of the Ni-hyperaccumulators O. serpyllifolia and O.
bertolonii in ultramafic soil led to a 24- and 62-fold increase,
respectively, in biomass production compared to untreated plant
covers (Álvarez-López et al., 2016). Similarly, Ghasemi et al.
(2018) showed that three Ni-hyperacumulating Odontarrhena
spp. produced significantly higher DW yields, improved nutritive
status, and increased total Ni phytoextracted when grown
in ultramafic soils amended with cow manure compared to
NPK-fertilized soils. Alternatively, Saad R. F. et al. (2018b)
incorporated green manure from legumes into the soil and found
Ni yields were significantly increased following a stimulation of
biomass production. The increase in biomass production could
be favored by the improvement in soil physical properties, such
as structure, porosity, and water retention capacity, but also by
the stimulation of microbial activity. Thus, it appears that organic
amendments are good candidates to improve agromining, but
this strategy needs to be further demonstrated in large-scale field
trials (Nkrumah et al., 2016).
Plant Cropping Patterns
Studies focusing on agricultural crop systems or on grasslands
have shown that increased plant diversity enhances soil microbial
biomass, activity, and diversity (Benizri and Amiaud, 2005).
Plant species coexistence enhances interactions between
micro- and macro-organisms in soils. Diversified organic
compounds (i.e. rhizodeposits) released from different plants
growing together in multi-species vegetation covers, can
change the rhizosphere conditions and affect the abundance,
functions and diversity of associated microorganisms (Berg
and Smalla, 2009). Mixed cropping patterns also increase
the diversity of plant litter returned to the soil, increasing
diversity of litter-degrading organisms (Brussaard, 2012).
Significantly higher values of many biological indicators
have been found under multi-species vegetation (Gao et al.,
2010).
However, few studies have examined the effect of cultivating
metal hyperaccumulators together with other plant species.
Some studies focused on the associations of Sedum alfredii
+ Zea mays (Wei et al., 2011), Sedum alfredii + Alocasia
macrorrhiza (Wu et al., 2007), Noccaea caerulescens + Lolium
perenne (Jiang et al., 2010), and Noccaea caerulescens +
Hordeum vulgare + Lepidium heterophyllum (Gove et al.,
2002). Most of these showed that co-cropping with non-
metal hyperaccumulator plants can improve the growth of the
hyperaccumulator and increase metal extraction. Additionally,
co-culture enhanced the size of the microbial community
and stimulated certain microbial functional groups (Jiang
et al., 2010). The efficiency of nickel phytoextraction in mixed
hyperaccumulator covers has also been studied (Lucisine et al.,
2014; Rue et al., 2015). Co-cropping Odontarrhena muralis s.l.,
Noccaea tymphaea, Bornmuellera emarginata and Bornmuellera
tymphaea increased biomass (by 21%) and Ni phytoextraction
(by 47%) of B. tymphaea in mixed cover compared to its
mono-culture (Rue et al., 2015). Moreover, Lucisine et al.
(2014) found that the coexistence of different hyperaccumulating
plants promoted soil metal bioavailability and modified the
genetic and phenotypic structures of the rhizosphere bacterial
communities.
Legumes are widely used in conventional agriculture due to
their ability to fix atmospheric nitrogen; through the presence
of symbiotic N2-fixing Rhizobium bacteria which can convert it
into a plant-assimilated form (De Antoni Migliorati et al., 2015).
Co-cropping hyperaccumulating plants with legumes could also
improve plant growth and consequently metal phytoextraction.
Moreover, part of the N fixed is usually transferred to
companion plants (Rodrigues et al., 2015). Agromining could
benefit from this strategy provided the legume tolerates the
metal concentrations present in ultramafic soils (Saad et al.,
2016). In a mixed legume-crop cover the rhizosphere microbial
communities of this association also differ from those found in
mono-cultures and can positively influence nutrient availability
and plant uptake (St. Luce et al., 2015; Saad et al., 2017). As
a result, improvements in soil quality, structure and biological
activity are expected (Stevenson and van Kessel, 1996; Evans
et al., 2003). During legume decomposition in co-cropping
systems, the N-rich residues constituted a significant quantity
of carbon returned to the soil, thus increasing the soil carbon
stock by up to 0.6 t ha−1 per year (Kuo et al., 1997). In
agromining cropping systems, the presence of legumes also
improved soil physical properties, increasing soil porosity and
aggregate stability (Saad et al., 2018a). The introduction of
legumes into these systems also replaces the need for high inputs
Frontiers in Environmental Science | www.frontiersin.org 5 June 2018 | Volume 6 | Article 44
Kidd et al. Sustainable Agromining Systems for Nickel Recovery
of mineral fertilizers, thus promoting agromining as an advanced
ecological ‘green’ system.
Plant-Microbial Associations
Microbial-assisted phytoextraction approaches for the
remediation of metal-contaminated or metal-rich soils are
relatively recent concepts. Nickel-hyperaccumulators, as all
plants, are inhabited by symbiotic microorganisms (Cardinale,
2014). These protect the host from pathogens, stimulate growth,
nutrient uptake and transport, attenuate stress (Lugtenberg
and Kamilova, 2009; Yang et al., 2009; Rashid et al., 2016) and
moderate phenotypic and epigenetic plasticity (Partida-Martínez
and Heil, 2011). Extensive research has been dedicated to the
identification of microbial inoculants which can be incorporated
into phytoextraction systems, for overcoming limitations in
these processes due to reduced plant biomass or limited soil
metal availability (Khan et al., 2009; Zaidi et al., 2011; Thijs et al.,
2016; Kidd et al., 2017a; Benizri and Kidd, 2018).
Plant-Bacterial Interactions
Plant associated-bacteria are well known to play an important
role in plant growth, fitness and nutrient supply. Growth
promotion is generally associated with the ability to increase
nutrient availability, such as nitrogen (N2-fixing organisms),
phosphorus (by solubilization or mineralization through release
of organic acids and/or phosphatases), or iron (by releasing
Fe(III)-specific chelating agents or siderophores), or via the
production of plant hormones or reduction in stress ethylene
levels (Khan et al., 2009; Glick, 2010; Benizri and Kidd, 2018).
Nickel hyperaccumulating plants have been shown to select
for Ni-tolerant bacterial strains in their rhizosphere (Mengoni
et al., 2001; Abou-Shanab et al., 2003; Álvarez-López et al.,
2016), and these rhizobacteria have recently been linked to the
metal hyperaccumulation process itself (Becerra-Castro et al.,
2013; Muehe et al., 2015). Bacterial metal solubilization has
been attributed to mechanisms such as proton extrusion or
the production of complexing agents, e.g., organic acids (Gadd,
2010). Their capacity to enhance soil metal availability and/or
plant metal yields offers the possibility to improve agromining
efficiency. The results in terms of soil metal removal when
using such plant-bacterial associations are promising: numerous
examples of enhanced hyperaccumulator plant growth and metal
uptake and accumulation can be found after soil, seed or plant
inoculation (Kidd et al., 2017a; Benizri and Kidd, 2018). Increases
in phytoextractedmetal yields have been attributed to either plant
growth promotion or the ability of isolates to mobilize metals
from less labile soil fractions. Some inoculants have been selected
for their ability to enhance Ni yields when applied to more than
one plant species and/or soil type (Cabello-Conejo et al., 2014;
Durand et al., 2016; Ghasemi et al., 2018).
Overall, inoculation with plant growth-promoting or metal-
mobilizing microorganisms is considered a promising approach
for increasing metal phytoavailability and the growth and health
of “metal crops”. However, the vast majority of these studies
have been carried out on a bench-scale and there is still a
need for field evaluations of such plant-bacterial associations.
Aspects such as the degree of plant species-specificity, the
compatibility of the selected host species and inoculant, or
the performance of the bacterial strains and their ability to
proliferate in the soil, need to be studied under natural field
conditions. As part of the Agronickel project, field trials were
established in an ultramafic outcrop in NW Spain to test the
potential use of three rhizobacterial strains (all originally isolated
from rhizosphere of Ni-hyperaccumulating plant species) for
improving the establishment and yield of O. muralis s.l. Plant
coverage and aerial-biomass (Figure 1), and plant Ni yield (but
not shoot Ni concentration), were significantly increased after
inoculation with Paenarthrobacter nitroguajacolicus strain LA44
and Pseudoarthrobacter oxydans strain SBA82 (Pardo et al.,
2017).
Plant-Fungal Interactions
Our knowledge of the role of symbiotic fungi in plant adaptation
to ultramafic soils is scarce. Available reports indicate that fungal
symbionts facilitate plant growth in these environments by
affecting Ni uptake and distribution within the plant. The best
described group of fungi which has been shown to positively
affect plant growth in Ni-enriched soils is the arbuscular
mycorrhizal fungi (AMF). Interestingly, there is no unequivocal
“mode” of action of fungi (mycorrhiza and others), in terms
of their effect on metal uptake and distribution; some species
of fungi protect the plant by decreasing Ni uptake, while
others increase uptake and translocation from root to shoot
(Cao et al., 2008; Rozpa¸dek et al., 2018). Additionally, there
is no consensus concerning the mechanism(s) by which fungi
alleviate Ni phytotoxicity. It remains open for discussion whether
symbiotic fungi improve plant growth under metal toxicity by
facilitating water and nutrient acquisition and thus indirectly
fine-tuning the host’s metal tolerance or by directly upregulating
specific metal tolerance mechanisms.
Hyperaccumulators were believed to be unable to
form mycorrhiza, until the discovery of AMF in roots of
Berkheya coddii, Senecio coronatus and, later, in other Ni-
hyperaccumulating species (Turnau and Mesjasz-Przybylowicz,
2003). AMF supported B. coddii by increasing nutrient (K, Fe,
Zn, Mn, P, Ca) acquisition and distribution (Orłowska et al.,
2013). Co and Ni uptake was lower in mycorrhizal plants.
Nevertheless the significantly higher biomass production of
mycorrhizal plants resulted in a 20-fold increase in Ni yield
per plant. The role of mycorrhizal symbiosis has not yet been
studied in European hyperaccumulators, even though there
are some candidates from the Asteraceae family that could
become a promising tool in phytoextraction. So far, however,
the importance of AMF and ectomycorrhiza in ultramafic soils
is mainly considered to be the driver of ecosystem diversity,
playing an important role in stimulating plant yield in these
environments which are rich in Ni and poor in nutrients (such
as N, P, or K) but host a unique and rich vegetation.
The non-mycorrhizal Brassicaceae, a family particularly
rich in metal-tolerant species, were found to be abundantly
inhabited by highly metal-tolerant fungal endophytes (García
et al., 2013; Zhang et al., 2014), shown to affect plant metal
homeostasis and facilitate vegetation in metalliferous soils
(Rozpa¸dek et al., 2018). Their low host specificity and ease
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FIGURE 1 | Aerial view of field plots (4 m2) with non-inoculated (A) and inoculated (B) Odontarrhena muralis s.l. Plants were inoculated with Paenarthrobacter
nitroguajacolicus strain LA44 (Pardo et al., 2017).
in cultivation make them promising candidates for improving
the efficiency of phytomining. Ni uptake and most importantly
extraction efficiency were positively affected in Brassica juncea
inoculated with Trichoderma atroviride strain F6. Additionally,
inoculated B. juncea exhibited higher tolerance to metal toxicity
(Cao et al., 2008). The mycobiome of Ni-hyperaccumulators
from the Odontarrhena and Noccaea genera have been recently
studied within the Agronickel project (Turnau et al., 2017).
The benefits of available molecular resources for some of these
species will allow for studying the role of symbiotic fungi in Ni
hyperaccumulation and tolerancemore thoroughly. According to
preliminary results, plants of both the abovementioned taxa from
serpentine soils harbor numerous fungal endophytes. Ninety
percent of isolated fungi belong to two classes Dothideomycetes
and Sordariomycetes (Class 3 endophytes according to the
classification of Rodriguez et al., 2009), the former being most
commonly isolated from leaves and the latter from roots (Turnau
et al., 2017). Some taxa inhabited both plant roots and shoots.
Dark pigmented mycelium of these fungi was visible in cross
sections of shoots of hyperaccumulating plants collected in
the field; within air spaces of green and healthy leaf tissues
and the stem central cylinder. Many of the fungi developed
brown/black pigmentation similar to dark septate endophytes
(DSE), and considered as Class 4 endophytes (Rodriguez et al.,
2009). Members of DSE show extraordinary tolerance to metal
toxicity and an ability to accumulate up to 20% DW Pb (Zhang
et al., 2008). The DSE Phialocephala fortinii was commonly
isolated from roots of Ni-hyperaccumulators, however, it had
little phenotypic effect on the host plants (Rozpa¸dek et al., 2017;
Waz˙ny et al., 2017).
One of the most commonly encountered fungal endophytes
in Noccaea species was Embelisia thlaspsis (Dothideomycetes;
Rozpa¸dek et al., 2017). A Ni-adapted strain of this fungus
alleviated metal toxicity: the plants accumulated less stress
protective anthocyanins when exposed to elevated Ni
concentrations in the soil (Figure 2A), even though Ni
acquisition by symbiotic plants was significantly higher
(Figure 2B). Additionally, the root system of inoculated plants
was more developed; showing that co-cultivation with E. thlaspis
resulted in significant lateral root elongation (Figure 2C).
The possible utilization of fungal endophytes in improving
phytoextraction efficiency of Ni-hyperaccumulating Brassicaceae
is currently under investigation. Preliminary results indicate
that these microorganisms may indeed be used to support plant
vegetation and Ni accumulation.
EUROPEAN NETWORK OF AGROMINING
FIELD SITES
The Agronickel and Life-Agromine projects established a
network of pilot-scale field sites in ultramafic regions across
western, central and southern Europe in order to cover
a range in climatic and edaphic conditions (Figure 3 and
Table 2; Echevarria et al., 2017). Experimental field plots
have been set-up to demonstrate the benefits of incorporating
organic amendments, legumes or bioinoculants into agromining
agrosystems with the aim to maximize plant yields and Ni
removal at the same time as improving soil quality and
functioning.
Ultramafic areas in Albania occupy ∼11% of the total
surface area; geologically they vary from partly serpentinized
peridotite (harzburgite) to serpentinite (Bani et al., 2014; Estrade
et al., 2015). Long-term agromining studies have been carried
out intermittently over the period 2007–2017 in the Pogradec
district (Pojskë), E Albania (Figure 3 and Table 2; Bani et al.,
2007, 2015a,b). The current land use in the area is low-
productivity agriculture (pasture or arable land) into which
agromining could be successfully incorporated. These studies
optimized the agronomic aspects of the agromining chain
for these Balkan agricultural landscapes. In-situ agromining
experiments using the native O. muralis s.l. were conducted
from 2005 to 2009 and from 2012 to 2014, and continued as
part of the Life-Agromine project in 2016–2017. The effects of
fertilization, herbicide application, soil tillage, crop establishment
and plant density (natural cover vs. sown crop), and competition
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FIGURE 2 | The beneficial effect of endophytic fungus Embellisia thlaspis on Noccaea caerulescens. (A) Anthocyanin concentration [analyzed according to Fukumoto
and Mazza (2000)]. (B) Ni accumulation in plant root and shoot (analyzed by Atomic Absorption Spectrometry). (C) Changes in root architecture. Statistical
significances were evaluated with the t-test, P ≤ 0.0.05, N = 5 (in A,C) and N = 50 (in B). Plants were grown in sand mixed with perlite (1:1; v:v) for 50 days in a
vegetation chamber with a 16 h photoperiod and 21/17◦C day/night temperature. Ten day-old seedlings were inoculated with 3ml of mycelium suspended in water
(OD600 = 0.15). Fourteen days after inoculation the substrate was supplemented with 150µM of NiSO4 in Hoagland solution. Plants were irrigated with Hoagland
solution twice per week. *Indicates statistical significance between inoculated and control. Data based on Rozpa¸dek et al. (2017).
between plant species, have been assessed. Over the period
2005 to 2009, the optimal cropping system, with split-N
fertilization, irrigation and post-emergent herbicide (FocusTM
ultra) treatment, progressively achieved a biomass production
of 9.0 t ha−1 and Ni phytoextraction yield of 105 kg Ni ha−1
(Bani et al., 2007, 2015a,b; Figure 4). Maximum biomass was
obtained with a density of 4 plants m−2 (10.2 t ha−1 in 2013
and 8.8 t ha−1 in 2014); the drop in biomass observed in 2014
was probably due to the competition between planted O. muralis
s.l. and its own spontaneous recruits. The highest Ni yields were
achieved in 2013 with 112 kg ha−1 (Figure 4). New plots evaluate
the application of organic amendments (sheep and pig manure):
biomass production in 2017 was 9.96 t ha−1 in fertilized plots
and Ni yield reached its maximum of 139.3 kg ha−1. Phenological
studies have shown that, in this region, Ni bioaccumulation is
maximal during the mid-flowering stage which was then set as
the recommended harvesting time (mid-June) (Bani et al., 2015a;
Estrade et al., 2015).
New agromining field trials have been established in May
2017 in the Pindus Mountain Range in Greece, which runs
along the borders of Thessaly, Epirus, and W Macedonia,
and hosts a large number of serpentine outcrops and many
serpentinophytes (see section A Synthetic Overview of Ni-
Hyperaccumulators in Europe). Experimental plots are located
in Koutsoufliani, near the village Panagia at the borders of the
above-mentioned regions (NW Greece) on an abandoned field
with a mean total Ni concentration of 2,347mg kg−1 (Table 2
and Figure 3; Echevarria et al., 2017). Odontarrhena muralis
s.l. is a constant member of the herbaceous vegetation. The
ongoing field assessments are evaluating the Ni agromining
capacity of three Ni-hyperaccumulators (O. muralis s.l., B.
tymphaea, and B. emarginata) in monoculture plots (three
replicate 50 m2 plots/species). Additional plots assess the
effects of inorganic fertilization or goat manure addition on
the growth and Ni bioaccumulation of O. muralis s.l. and
B. emarginata, as well as the benefits of co-cultivating or
rotating these hyperaccumulators with the legume Medicago
sativa. Harvesting is programmed for June 2018. Results
so far indicate maximum plant survival in the organic-
amended plots (95–97%) compared to either the inorganic
Frontiers in Environmental Science | www.frontiersin.org 8 June 2018 | Volume 6 | Article 44
Kidd et al. Sustainable Agromining Systems for Nickel Recovery
TABLE 2 | Soil physicochemical and climate characteristics of the field sites included in the Life-Agromine network (mean values ± SE).
Country Pojskë Bernstein Koutsoufliani Eidián
Site Albania Austria Greece Spain
Coordinates 40◦59′N 20◦38′E 47◦24′45.2′′N 16◦16′04.7′′E 39◦51′37.8′′N 21◦18′50.2′′E 42◦49′54.2′′N 8◦00′13.4′′W
Altitude (m) 700 620 930 430
SOIL GENERAL PROPERTIES
Texture Clay Sandy loam Silty clay Sandy loam
pHH2O 7.5 ± 0.2 6.1 ± 0.1 7.2 ± 0.0 5.8 ± 0.1
CEC (cmolc kg−1) 38.9 ± 1.1 15.9 ± 2.0 − 4.9 ± 1.0
TOC (g kg−1) 28.4 ± 4.0 22.4 ± 0.5 − 52.6 ± 8.0
TN (g kg−1) 2.3 ± 0.3 2.2 ± 0.5 − 3.0 ± 0.4
P Olsen (mg kg−1) <0.05 9.0 ± 1.5 4.6 ± 0.4 4.5 ± 0.3
Ca-Total (g kg−1) 3.9 ± 0.4 6.7 ± 0.2 7.0 ± 0.3 7.6 ± 0.6
Mg-Total (g kg−1) 60.0 ± 2.5 103.0 ± 8.6 138.0 ± 3.0 45.1 ± 2.3
K-Total (mg kg−1) 4500 ± 250 905 ± 70 1863 ± 34 438 ± 25
Fe-Total (g kg−1) 98.0 ± 0.2 64.0 ± 1.2 − 71.0 ± 10.7
Ni-Total (mg kg−1) 3140 ± 60 1450 ± 180 2347 ± 37 967 ± 13
Cr-Total (mg kg−1) 1600 ± 160 1840 ± 140 − 1263 ± 65
Co-Total (mg kg−1) 207.0 ± 12.0 113.0 ± 4.2 − 77.5 ± 3.3
Soil Ni availability
Ni-DTPA (mg kg−1) 124.0 ± 6.0 38.4 ± 4.6 71.1 ± 2.3 36.8 ± 13.8
Ni-Sr(NO3)2 (mg kg









Mean annual precipitation (mm) 700 718 666 1200
Mean annual temperature (◦C) 10.6 8.3 12.4 12.1
CEC, cation exchange capacity; TOC, total organic C; TN, total N.
NPK-fertilized plots (15–20%) or co-culture/rotation treatments
(3–38%) (Echevarria et al., 2017). The high plant mortality
was attributed to elevated temperatures during transplantation
and prolonged drought (exacerbated by the slope) during
the summer period of 2017 (despite periodic irrigation). The
addition of organic amendment appears to have a positive
effect on plant resistance to drought and general adverse
conditions.
The Austrian field site is located in the province of
Burgenland, coinciding with one of the main ultramafic outcrops
in this country (Wenzel and Jockwer, 1999). Experimental plots
were set up in autumn 2016 on an arable field with a mean total
Ni concentration of 1,450mg kg−1 (Table 2 and Figure 3; Ridard
et al., 2017). The first experimental period lasted from October
2016 to September 2017. Odontarrhena muralis s.l., the main
agromining crop in the Life-Agromine project, was compared
with the indigenous Noccaea goesingensis. The effects of different
plant cropping patterns (co-culture with Lotus corniculatus),
planting densities or soil amendments (addition of elemental
sulfur) on plant yields and Ni bioaccumulation are currently
being assessed. The pre-harvest average shoot Ni concentration
of O. muralis s.l. was 12,400mg kg−1 with average shoot DW
yields of 3.77 t ha−1. In contrast, N. goesingensis clearly showed a
lower accumulation and estimated biomass production (7,900mg
Ni kg−1 and 2.90 t ha−1, respectively; Ridard et al., 2017). The
second vegetation period in 2018 will only cultivate O. muralis
s.l. due to the temperate climate and shorter growing season
in the Bernstein area the vegetation period for O. muralis s.l.
was adapted; i.e. planting in spring and harvesting in autumn.
Interestingly, flowering was already observed a few weeks before
harvesting, i.e., ∼5 months after planting. Further treatments
(testing different plant densities and fertilization regimes) for
optimizing the yield and thus the total content of phytoextracted
Ni are planned.
In Spain, the experimental site is located in the Melide
ultramafic complex close to the village of Eidián in Galicia (NW
Spain; Table 2 and Figure 3), one of the principal periodite
outcrops in the Iberian Peninsula together with Andalusia (S
Spain) and Trás-os-Montes (NE Portugal). Agricultural crops
growing in the ultramafic soils of this region have been shown to
accumulate considerable amounts of Ni and Cr (Fernandez et al.,
1999). The Ni-hyperaccumulator O. serpyllifolia is a feature of
fallow fields at this site. Field trials are evaluating the viability of
O. muralis s.l., O. serpyllifolia and B. emarginata for agromining
purposes. Monoculture plots (50 m2) were established in 2015
to initially test the two Mediterranean hyperaccumulators, O.
Frontiers in Environmental Science | www.frontiersin.org 9 June 2018 | Volume 6 | Article 44
Kidd et al. Sustainable Agromining Systems for Nickel Recovery
FIGURE 3 | European network of nickel agromining field sites.
muralis s.l. and B. emarginata (Pardo et al., 2018). Soil was
fertilized with gypsum (1,000 kg ha−1) and inorganic NPK
fertilizers (120:120:150 kg ha−1) and both species planted at a
density of 4 plants m−2 following Bani et al. (2015b). The elevated
precipitation which is characteristic of this region (European
humid-temperate climate) led to waterlogging which, together
with competition from weeds (mainly Poaceae), significantly
affected plant survival: after one growth season (June 2015–May
2016) plant mortality of up to 50–60% was recorded in some
plots. Nonetheless, all surviving plants showed good growth and
a healthy aspect. The final plant DW yields (1.0 ± 0.3 and 0.7 ±
0.2 t DW ha−1 for O. muralis s.l. and B. emarginata, respectively)
were significantly lower than those obtained by Bani et al. (2015b)
for O. muralis s.l. after 8-years of cultivation in Albania but
of a similar magnitude to the yields obtained during the first
years after implementing agromining at this site (Bani et al.,
2007). Odontarrhena muralis s.l. (4.2 kg Ni ha−1) produced a
slightly higher Ni yield than B. emarginata (3.0 kg Ni ha−1).
As observed by Bani and colleagues, Ni bioaccumulation was
maximal at the mid-flowering stage and this was the case for both
species, confirming that this is the optimal stage for harvesting,
not only for O. muralis s.l., but also for B. emarginata. Moreover,
Ni accumulation was strongly compartmentalized with the main
contribution to Ni yields coming from the plant leaves, especially
the leaves of flowering stems, but the contribution from flowers
and fruits was also significant in the case of B. emarginata.
Implementing the agromining system increased soil nutrient
availability, and modified microbial community structure and
metabolic activity (Pardo et al., 2018). Bacterial community
structure and diversity are being monitored over time and
compared with surrounding soils where agromining was not
implemented. The soil bacterial communities are dominated by
Proteobacteria, Actinobacteria, Acidobacteria, and Chloroflexi,
and after one growth season the agromining crops modified
the relative abundance of some phyla (increasing Proteobacteria,
Bacteroidetes, and Nitrospirae and reducing Acidobacteria and
Planctomycetes) (Pardo et al., 2018).
Implementing a drainage system and weed control during the
second year of cultivation (2016–2017) had a dramatic effect on
plant survival and biomass production: plant yields were up to
10-fold higher in the case of O. muralis s.l. (reaching close to
10 t ha−1 in some plots) and 7-fold higher for B. emarginata
(close to 5 t ha−1) (Kidd et al., 2017b). In 2017 the endemic O.
serpyllifolia was also cultivated but showed a significantly lower
biomass yield than O. muralis s.l., but a similar magnitude to
that of B. emarginata (1.0–5.9 t ha−1) (Kidd et al., 2017b). These
preliminary results suggest that O. muralis s.l. has more potential
for agromining on this site. However, cropmanagement practices
(e.g., plant density) could be optimized so as to improve biomass
yields of B. emarginata or O. serpyllifolia, since both species
presented similar shoot Ni concentrations toO. muralis s.l. At the
same site, ongoing field experiments are evaluating the benefits of
co-cropping systems and the application of cow manure instead
of NPK fertilizers. After 1 year of cultivation, co-cropping of O.
muralis s.l. with the legume Vicia sativa had positive effects on
plant growth and Ni removal: hyperaccumulator biomass and Ni
yields were increased by 417% (0.82 t ha−1) and 493% (7.93 kg
ha−1), respectively, compared to non-fertilized mono-cropping
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FIGURE 4 | Evolution of biomass production, Ni phytoextracted yield and
shoot Ni concentration of Odontarrhena muralis s.l. during 8 years of a field
study in Pojska, Pogradec (Albania). CHF-chemical fertilizer, NF-no fertilizer,
H-herbicide, OF-organic fertilizer. Modified with permission from Echevarria
(2018); Bani and Echevarria (in press) and Bani et al. (2007, 2015a).
(0.16 t ha−1 and 1.32 kg ha−1) (Figure 5; Saad et al., 2017).
However, no significant differences were found between co-
cropping and fertilized (NH4NO3) mono-cropping treatments.
After a second year of cultivation, yields were doubled in all
treatments but plant biomass production and phytoextracted
Ni was highest in the co-cropping treatment (2.01 t ha−1 and
13.6 kg ha−1, Saad et al., 2017). On the other hand, parallel
experiments showed that after one growth season the addition
of cow manure did not significantly modify plant yields of either
O. muralis s.l. or B. emarginata compared to NPK fertilization
FIGURE 5 | Potential biomass (Biom) and Ni yields (Ni) of Odontarrhena
muralis s.l. shoots (kg ha−1). “Co”, “FMo” and “NFMo” correspond to
co-cropping with the legume, fertilized mono-cropping, and non-fertilized
mono-cropping, respectively. Means ± standard error followed by different
letters are significantly different at p < 0.05 (Duncan’s multiple range test).
(Kidd et al., 2017b). The Ni yield obtained using either
fertilization regime is currently being determined, as well as any




The whole nickel (Ni) agromining chain consists in two stages:
(1) the cultivation of hyperaccumulator plants to obtain sufficient
aerial biomass with a high Ni concentration, and (2) the
transformation of the biomass to obtain valuable end products.
In step 1, the dry plants are burnt to remove organic matter
and concentrate Ni by a factor of around 12. The resulting
ash is a real bio-ore, containing up to 20 wt % of Ni. In
step 2, it has been proven possible to obtain a bunch of
Ni compounds (e.g., Ni metal, Ni-based catalysts, Ni salts or
oxides) by hydrometallurgical processes (Simonnot et al., 2018).
Energy is potentially another end product of agromining. The
Agronickel aims to investigate new routes for optimizing the
valorization of the hyperaccumulator biomass in terms of energy
and metal recovery. The Life-Agromine project aims to up-
scale the process, to produce nickel compounds and energy
from hyperaccumulator biomass, especially O. muralis s.l. at
demonstration levels.
Nickel Recovery and Reactor Design
The up-scaled process is the patented synthesis of ANSH
(ammonium nickel sulfate hexahydrate) from the biomass of
O. muralis s.l. (Barbaroux et al., 2012). The process consists
of (1) washing the ashes with water to remove soluble K
(around 80% of the total K content), (2) transferring Ni into
the aqueous phase by sulfuric acid leaching and (3) precipitating
and purifying ANSH (Figure 6). Each step has been thoroughly
investigated to assess the influence of the process parameters
(e.g., stirring speed or reaction time) on process efficacy and
salt purity (Zhang et al., 2016; Houzelot et al., 2017a,b).
However, up-scaling also requires technical adjustments and
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process intensification. The process has been designed through
batch reactor experiments, but its implementation at a larger
scale requires a different strategy. The main options are (1)
moving from discontinuous batchwise to continuous process or
(2) increasing the treatment capacity by using reactors in parallel.
This second option is considered here and applied to ash washing
and ash leaching.
The investigation of the batchwise process has shown that:
• The efficacy of ash washing only depends on the solid/liquid
(S/L) weight ratio and ash wettability. S/L ratio must not
overcome 20% to allow stirring, above 20% suspension
viscosity is too high.
• During the leaching step (2M sulfuric acid), a part of the
protons is involved in ash neutralization (initial pH around
13) and another part in Ni leaching. Around 30% of initial
H+ have not reacted (final pH around 0.6), but they are
essential to increase nickel extraction yield. The leachate has
to be neutralized before ANSH precipitation, which leads to
the consumption of alkali.
To increase the treatment capacity while saving chemical reagents
(and limiting proton loss during leaching), it is proposed to
develop a discontinuous process using reactors in parallel.
Theoretical Aspects for the Design of Parallel Batch
Reactors
The proposed configuration is composed of J units in parallel
(Figure 7). Unit #i (1≤i≤J) is made up of two batch reactors in
series, the first one (Wi) for ash washing and the second one
(Li) for ash leaching. A mass m of ash and a volume Vw of
water are introduced into reactor W1; after a washing time of
ca 15min, ash (without K) is transferred into reactor L1, a part
of the solution (Vw’) is introduced into W2 and the remaining
part (Vw”) is removed. To simplify, we assume that the amount
of water transferred fromW1 to L1 with the ash is negligible (ash
is dry). Leaching is run in reactor L1 by adding a volume VL of
sulphuric acid at the concentration C1. At the end of the leaching
(2 h at 90 ◦C), we obtain the ash (Ash1, without K and Ni) and
a volume VL” of leachate rich in Ni. Reactor W2 is fed by the
same mass m of ash, the volume Vw’ of solution exiting from
reactor W1, and the volume Vw” of water and so on. The same
method is applied to the leaching reactors, the concentration of
inlet acid being adjusted. The proposed configuration enables
us to increase the concentration of K from reactor W1 to W2
and so on, and the concentration of Ni from L1 to L2 and so
on, until reaching a limit value. In this way, the concentrations
of K and Ni increase without changing the S/L ratio. The main
advantage of this configuration is to lead to identical solutions
exiting the reactors when the limit value is reached. At the exit
of the complete system, we obtain a volume (Vw’+J Vw”) of
solution rich in K and a volume (VL’+J VL”) of leachate rich
in Ni. The solution rich in K is an effluent, which could be
used for other purposes, and the leachate rich in Ni is treated to
obtain the ANSH salt. The problem to be solved is to determine
how many units are needed to reach the limit value of the
concentration.
Application to ANSH Preparation
Previous experiments have shown that K and Ni cannot be
concentrated more than twice compared to the concentrations
obtained after ash washing and leaching. Otherwise they would
precipitate in the ashes, mainly in the sulfate form.
In the proposed configuration, choosing Vw’= Vw”= 0.5 Vw
and VL’= VL”= 0.5 VL, mass balances show that at least 6 units
in parallel are needed to reach the limit value. If we compare this
with the case where Vw’ = VL’ = 0, half of the water and 30%
of the sulphuric acid are saved. As a consequence, the amount of
alkaline solution required for leachate neutralization decreases as
well.
To conclude, this section has shown how ash washing and
leaching can be up-scaled to intensify the process, reach a high
efficacy and save chemicals.
Energy Recovery
The calorific values of hyperaccumulators from the Brassicaceae
family have been monitored to assess the interest in energy
recovery during agromining. HHVs (higher heating values)
obtained using a calorimetric bomb with dried ground biomass
of O. muralis s.l. and B. emarginata were 16.7 and 17.4 MJ kg−1,
respectively (Hazotte et al., 2017). These values are comparable
with HHV of wood pellets (20 MJ kg−1; Rollinson and Williams,
2016).
Pellet manufacturing may improve combustion efficiency and
facilitate plant handling and storage. However, this will be
a challenge when using biomass from this hyperaccumulator
family. First tests have shown that, unlike wood, the low content
of lignin leads to a low pellet stability. The addition of a binder
may limit this effect, but inevitably, it produces Ni dilution in
ashes, as well as an increase in operating costs.
Biomass combustion upscaling requires mandatory gas
control, especially for SOx and NOx emissions. However, it is
also necessary to take care of Ni emissions, especially in fly ash.
In France, this element is grouped with Sb, Cr, Co, Cu, Sn, Mn,
V, and Zn, and the total flow rate must not exceed 25 g h−1, with
<5mg m−3. A 20 kWh boiler has been set up, with a combustion
capacity of 7 kg biomass per hour (Figure 6). Its functioning
is being validated and emissions analyses will be performed
under standard guidelines NF EN 14385. Other parameters which
should be taken into account during agromining development
include the biomass chloride content, which might be a criterium
for choosing hyperaccumulators. Hydrochloric acid formation
during combustion may significantly cause corrosion of boilers.
For example,O. muralis s.l. dried biomass contains around 0.25%
Cl, which is more than wood (0.01–0.03%) but less than straw
and grass (0.4–0.8%). This value is close to that of Miscanthus




Until today, research on the economics of the agromining chain
focuses on costs and benefits from a business perspective. Most
of the literature considers Ni as the extraction target, although
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FIGURE 6 | Process description for the preparation of ANSH from Odontarrhena muralis s.l. at the pilot scale.
other elements such as Ge, Re and Au have also attracted
attention (Harris et al., 2009; Novo et al., 2015; Rentsch et al.,
2016). Aspects being discussed can be grouped as follows: (i)
characteristics of the metal market; (ii) process flow diagrams;
(iii) inventory of costs, and revenues; and (iv) sensitivity analyses.
These topics correspond to the elements of a techno-economic
analysis as proposed by Van Dael et al. (2015), and will be
discussed below.
Since 1989 Ni prices have fluctuated between 2 and 13 USD
lb−1 (4 and 23 EUR kg−1) with a sharp peak of 23 USD lb−1
(40 EUR kg−1) right before the start of the financial crisis in the
summer of 2007 (InfoMine, 2018). According to Li et al. (2003b),
Ni cannot be agromined economically at the lower Ni prices.
Therefore, the production of Ni compounds with much higher
value, such as ANSH could be a better alternative. Current prices
of ANSH depend on the purity and the amount: 97.50 EUR for
500 g with 98% purity, and 134 EUR for 25 g with 99.999% purity
(Sigma-Aldrich, 2018).
Ideally the released energy during biomass incineration
should be valorized; however, this depends on the vicinity
of energy demand to the location of the processing facility.
Hence, small-scale mobile units should be compared to large-
scale central processing. The former requires measures for
quality control of the produced bio-ores when it is mixed with
another feedstock by local smallholders, whereas the latter needs
carefully optimized storage facilities. As an alternative to the
pyrometallurgical thermo-chemical treatment for the production
of Ni, the hyperaccumulators can be treated hydrometallurgically
(as discussed above) for the production of the higher value Ni
compounds.
So far, costs have not been reported in detail. Harris et al.
(2009) mention the cost of producing the Ni-hyperaccumulator
Berkheya codii, but not for O. muralis s.l. Bani et al. (2015a)
estimated land rental and production costs for agromining with
O. muralis s.l. to be 150 USD ha−1 yr−1 and 390 USD ha−1
yr−1, respectively. Nkrumah et al. (2016) compare intensive
agromining systems with extensive systems and assume its
production costs in 2016 to be 1074 USD ha−1 yr−1 and 600 USD
ha−1 yr−1, respectively. The latter is comparable to the cost of 500
USD ha−1 yr−1 mentioned by van der Ent et al. (2013b).
Moreover, both Bani et al. (2015a) and Nkrumah et al. (2016)
expect 20 % of the Ni value to cover the cost of the metal recovery
process, which would result in a profit of ca. 990 USD ha−1 yr−1.
Although the production costs in van der Ent et al. (2013b) are
comparable, they expect higher net economic gains of 1900 USD
ha−1 yr−1. This difference can be explained by higher expected
Ni uptake: 150 kg ha−1 yr−1 in Indonesia compared to 105 kg
ha−1 yr−1 in Albania. Li et al. (2003b) mention that 25% of the
Ni value would cover the cost of metal recovery, and license
and royalty fees, resulting in a net profit of ca. 1800 USD ha−1
yr−1. In fact, the estimate of Li et al. (2003b) corresponds to a
Ni recovery cost of 1.75 USD kg−1, whereas the one of Bani et al.
(2015a) corresponds to 3.4 USD kg−1. This indicates that the cost
of the processing part of the process flow still needs thorough
investigation as one would actually expect the cost to decrease
over time due to the learning effect.
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FIGURE 7 | Parallel batch configuration for Odontarrhena muralis s.l. ash washing and leaching. Liquid properties are indicated in brackets and targeted elements in
square brackets.
To conclude, a techno-economic model for the agromining
chain should consist of two stages: (i) cultivation and (ii)
conversion. To determine the cultivation costs, one should
include land rental, land preparation, seeds, fertilizers, chemicals,
irrigation, etc. The Ni metal or Ni compound extraction
cost is determined by the cost of the subsequent pyro-
or hydro-metallurgical process. To date, no literature exists
containing detailed costing of the conversion stage; nevertheless,
supporting information can be found in Kuppens (2012)
for the incineration plant, in Crundwell et al. (2011) for
Ni smelting, and in Rodrigues et al. (2016) and Zhang
et al. (2016) for the Ni compounds. Finally, the techno-
economic model should be customized to country-specific
data reflecting differences in Ni concentrations in the soils,
hyperaccumulator yields and prices. Preliminary calculations
for the pyrometallurgical process for Ni agromining show
promising results under the condition that heat released
during incineration can be valorized close to the processing
facility.
Environmental Assessment
Although agromining is focused on the use of plants to recover
valuable metals out of natural or man-polluted soils, it remains
an anthropogenic process, at the intersection between agriculture
and soil remediation: it needs to be assessed in terms of
its sustainability and global environmental impact. Life Cycle
Assessment (LCA) is the most recognized method for this type
of assessment. LCA is a systematic tool which obeys the rules
specified by International Standards (ISO, 2006a,b) and has seen
many applications in the field of agriculture (for food crops Keyes
et al., 2015; Ingrao et al., 2018; etc. and energy crops Arodudu
et al., 2017; Hoekman and Broch, 2018; etc.) or remediation of
contaminated soil (Suer and Andersson-Sköld, 2011; Lemming
et al., 2012). This type of analyses was used to assess the
combination of phytoremediation of contaminated soils with
energy production by Witters et al. (2012) and Kuppens et al.
(2015) for willow, rapeseed and maize, and by Nsanganwimana
et al. (2014) for Miscanthus x giganteus. Vigil et al. (2015)
confirmed that biomass valorization was necessary to make
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this soil remediation technique sustainable. In the case of Ni-
agromining, studies applying LCA to assess the environmental
impact of this process are rare. To the best of our knowledge,
only one study (Rodrigues et al., 2016) can be found in the
literature. Rodrigues et al. (2016) emphasized that energy from
O. muralis s.l. ashing should be recovered to make the process
really environmentally beneficial.
The basic impacts which are generally considered in LCA
are related to natural resources (depletion of water, abiotic
and renewable resources for irrigation, fertilizers production,
energy, etc.), natural environment (land use, climate change,
eutrophication, acidification, ecotoxicity, etc.) and human health.
In the case of soil remediation it has been proposed to combine
LCA with a specific local health assessment for decontamination
operators to guide the selection of sustainable remediation
processes (Hou et al., 2017). According to Rodrigues et al. (2016),
cultivation techniques in agromining should be selected to limit
soil erosion, either due to rainfall or wind, as erosion favors
the transport and dispersion of metal-laden particles in the
environment.
In spite of LCA normalization, there are still questions arising
regarding the way to deal with land use (LU) and its change
(LUC). This is a critical issue in the study of any system in
which an agricultural process is developed. Land surface and
functions should be taken into account, but it is difficult to
reach a consensus on the descriptors that should be used: there
is a growing awareness of the need to improve the cause-
effect chain models related to ecosystem services provision
in life cycle inventories (Othoniel et al., 2016). Morais and
Delerue-Matos (2010) pointed out the difficulty of spatial and
temporal differentiation of local impacts assessment, especially
when taking into account the prediction of long-term toxicity
effects.
Generally speaking any land use is seen as negative (Koellner
et al., 2013). However in the case of soil remediation the problem
is more complex as the ultimate goal is to improve the soil
properties and functions. In the case of agromining of ultramafic
soils the initial land state is natural. The contamination stage is
outwith the scope of the agromining process if this is carried out
on soil polluted due to human activity.
Soil carbon sequestration is one of the descriptors used to
assess land use change: the development of a clear soil carbon
accounting method is still under discussion for agricultural
processes (Goglio et al., 2015). In particular the timing of soil
CO2 emissions during long-term agromining should be taken
into account, together with agricultural management practices
(fertilization, tillage, crop rotation, etc.; Levasseur et al., 2010).
Experiments are undertaken to monitor C status in agromining
experimental fields at the four locations as well as greenhouse
gas emissions at two of the four sites (AT and ES). The data
obtained from these experiments will help a better estimation of
these issues in the LCA. Another descriptor largely used to assess
land use is biodiversity. Gabel et al. (2016) reviewed twenty-two
different biodiversity impact assessment methods susceptible to
be used in LCA of agricultural processes. Most of them were not
initially developed for these processes and questions still arise
as to which biodiversity aspects should be considered, which
indicators should be used and how references should be selected.
A conceptual model of effect of land intervention (occupation,
transformation) has been proposed by Curran et al. (2016): the
effect on ecosystem quality is assessed through indicators of
biodiversity damage potential, at the local and regional scales.
In agromining the introduction of non-endemic species will be
detrimental to local biodiversity: local plants have developed at
least tolerance to metals, if not metal accumulation properties.
Since most metal hyperaccumulators discussed so far are
angiosperms, another ecosystem function is also relevant:
pollination. Although necessary formaintaining endemic species,
pollen transport may favor dissemination of non-endemic
species. Furthermore high-metal contents in flowers could affect
the behavior of honey bees (Di et al., 2016; Nikolic´ et al.,
2016), with potential incorporation of metals in honey and
propolis (Matin et al., 2016). Meindl and Ashman (2017)
discussed the effect of soil chemistry on pollen germination in
a Ni-hyperaccumulator, Streptanthus polygaloides. However, O.
muralis s.l. has always been a widespread weed (“Pulë verdhë”
in Albanian) in agricultural ultramafic areas of the Pogradec
district: wild and domesticated honey bees have dealt with it for at
least several millennia since Antiquity. Opening the landscape by
clearing the native woodland vegetation has probably provoked
a boost in the populations of O. muralis s.l., which is not
very common in the native maquis (Bani et al., 2014). More
knowledge about the potential incorporation of agromined
metals in the human food chain is desirable (Herrero-Latorre
et al., 2017). However, there might be a positive effect on the
pollination service sinceO.muralis s.l. is a strong nectar producer
and stimulates pollinating insects), and also because there is
absolutely no need to use insecticides with this crop (insecticides
may have a negative impact on pollinating insects populations).
The application of LCA to agromining processes is not
yet fully developed. The methodology already applied to
agroprocesses as well as to soil remediation serve as starting
points, but certain aspects related to land use and land use
changes in a context of using local/non-local species in their
native/non-native habitat will require specific adjustments and
research efforts.
FINAL REMARKS
Agromining offers new possibilities for the recovery of
strategic metals from natural resources. This review focused
on natural metalliferous soils, but agromining can also
be applied to secondary resources derived from industrial
activities. The exceptional capacity of hyperaccumulator plants to
bioaccumulate metals in their harvestable tissues at commercial
ore grade levels makes these techniques viable. The EU initiatives
summarized here demonstrate at field scale the potential for Ni
agromining on ultramafic soils across a range in climatic and
edaphic conditions. Nickel agromining in these areas represent
a new form of agriculture which can generate income from low-
productivity agricultural land derived from ultramafic bedrock.
Agromining efficiency can be optimized using appropriate
agronomic practices, with positive effects on soil health and
Frontiers in Environmental Science | www.frontiersin.org 15 June 2018 | Volume 6 | Article 44
Kidd et al. Sustainable Agromining Systems for Nickel Recovery
quality, as well as the generation of wider services (e.g.,
biodiversity conservation, C sequestration, etc.).
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